Evidence for an unusual catalysis of protonation/deprotonation by a reduced flavin mononucleotide cofactor is presented for type-2 isopentenyl diphosphate isomerase (IDI-2), which catalyzes isomerization of the two fundamental building blocks of isoprenoid biosynthesis, isopentenyl diphosphate and dimethylallyl diphosphate. The covalent adducts formed between irreversible mechanismbased inhibitors, 3-methylene-4-penten-1-yl diphosphate or 3-oxiranyl-3-buten-1-yl diphosphate, and the flavin cofactor were investigated by X-ray crystallography and UV-visible spectroscopy. Both the crystal structures of IDI-2 binding the flavin-inhibitor adduct and the UV-visible spectra of the adducts indicate that the covalent bond is formed at C4a of flavin rather than at N5, which had been proposed previously. In addition, the high-resolution crystal structures of IDI-2-substrate complexes and the kinetic studies of new mutants confirmed that only the flavin cofactor can catalyze protonation of the substrates and suggest that N5 of flavin is most likely to be involved in proton transfer. These data provide support for a mechanism where the reduced flavin cofactor acts as a general acid/base catalyst and helps stabilize the carbocationic intermediate formed by protonation.
Evidence for an unusual catalysis of protonation/deprotonation by a reduced flavin mononucleotide cofactor is presented for type-2 isopentenyl diphosphate isomerase (IDI-2), which catalyzes isomerization of the two fundamental building blocks of isoprenoid biosynthesis, isopentenyl diphosphate and dimethylallyl diphosphate. The covalent adducts formed between irreversible mechanismbased inhibitors, 3-methylene-4-penten-1-yl diphosphate or 3-oxiranyl-3-buten-1-yl diphosphate, and the flavin cofactor were investigated by X-ray crystallography and UV-visible spectroscopy. Both the crystal structures of IDI-2 binding the flavin-inhibitor adduct and the UV-visible spectra of the adducts indicate that the covalent bond is formed at C4a of flavin rather than at N5, which had been proposed previously. In addition, the high-resolution crystal structures of IDI-2-substrate complexes and the kinetic studies of new mutants confirmed that only the flavin cofactor can catalyze protonation of the substrates and suggest that N5 of flavin is most likely to be involved in proton transfer. These data provide support for a mechanism where the reduced flavin cofactor acts as a general acid/base catalyst and helps stabilize the carbocationic intermediate formed by protonation.
enzyme structure | mechanism of action I sopentenyl diphosphate isomerase (IDI) catalyzes the interconversion between isopentenyl diphosphate (IPP) and dimethylallyl diphosphate (DMAPP) (1) . IDI activity is essential in those organisms that synthesize isoprenoid compounds from mevalonic acid and, although not essential, is found in those that synthesize isoprenoid metabolites from methylerythritol phosphate. Two convergently evolved forms of IDI, which share no sequence or structural homology, are known. Type-1 IDI (IDI-1) is found in eukarya and some bacteria, whereas type-2 IDI (IDI-2) occurs in archaea and other bacteria. There is no apparent correlation between the occurrence of the IDI isoforms and the use of mevalonate or methylerythritol phosphate in isoprenoid biosynthesis.
IDI-1 catalyzes isomerization between IPP and DMAPP by a protonation-deprotonation reaction through a 3°carbocationic intermediate (1) . The mechanism of the reaction and identification of essential active cysteine and glutamate residues were confirmed by inhibition studies using active-site-directed irreversible inhibitors (2) (3) (4) (5) . In contrast, IDI-2 is a flavoprotein that requires reduced FMN for activity (6, 7) . UV-visible spectroscopic studies indicate that the anionic flavin in IDI-2 · FMN red − is protonated upon substrate binding to give a catalytically competent IDI-2 · FMN red · IPP complex (8) . Recent studies indicated that the mechanism for the IDI-2 is similar to the protonation-deprotonation sequence used by IDI-1. These include measurement of deuterium kinetic isotopic effects in D 2 O or with (R)-[2-2 H]-IPP (9) , linear free energy studies with seven-and eight-substituted FMN analogues (10) , and studies with alkyne and allene analogues of IPP and DMAPP (11) . In contrast, attempts to establish radical intermediates in the reaction were unsuccessful. Electron paramagnetic resonance spectra of active IDI-2 · FMN red · IPP did not detect signals for putative radical intermediates (9) . Attempts to inhibit the enzyme by incubation with a cyclopropyl analogue of IPP, designed to rearrange to a homoallylic structure by a radical clock mechanism, were unsuccessful (12, 13) . Instead, the analogue was an alternate substrate that isomerized to the corresponding DMAPP derivative without a cyclopropylcarbinylhomoallyl radical rearrangement.
Mechanism-based inhibitors of IDI-1, which are activated by protonation of epoxide and diene moieties in these compounds, also inactivate IDI-2 (12) (13) (14) (15) . The inhibitors alkylate FMN red , which indicates that the flavin is in intimate contact with the substrate during isomerization. This arrangement is supported by crystal structures of Sulfolobus shibatae (16) and Thermus thermophilus IDI-2 (17) , where the isoalloxazine moiety in FMN red and the side chains of tryptophan, histidine, and glutamine form the substrate binding pocket. Although flavins are not generally regarded as acid-base catalysts in enzyme-catalyzed reactions, site-directed mutagenesis experiments show that none of the active-site amino acids act as the catalyst (16) . Furthermore, the isoprene moiety in IPP is orientated over FMN red in the S. shibatae IDI-2 · FMN red · IPP complex in a conformation consistent with proton transfers between the substrate and the reduced tricyclic isoalloxazine moiety during the stereoselective reversible isomerization between R-(2-2 H)-IPP and unlabeled DMAPP in D 2 O (18).
We and others initially proposed that mechanism-based inhibitors alkylate FMN red at N5, based on comparisons of UV spectra for the isolated adducts with those reported in the literature for related compounds (14, 15) . Because UV spectra for N5 and C4a adducts are highly dependent on solvent and pH (19) , we decided to conduct a more thorough study of the structures. In the present work, we describe crystallographic and spectroscopic studies that support modification at C4a by epoxide and diene inhibitors. Consideration of our data leads us to suggest a protonation-deprotonation mechanism for isomerization by IDI-2 in which the flavin cofactor acts as a general acid-base catalyst and helps stabilize the carbocationic intermediate.
Results
Structural Studies of IDI-2·Inhibitor Complexes. Crystals of S. shibatae IDI-2 were soaked with 3-methylene-4-penten-1-yl diphosphate (vIPP) or 3-oxiranyl-3-buten-1-yl diphosphate (oIPP) (Fig. 1A) , NADH, and MgCl 2 before analysis. Electron density maps created from X-ray diffraction data indicate that both vIPP and oIPP are bound at the active site of the enzyme. Continuous electron density, which originates on the si face of the isoalloxazine unit between C4a and N5, links FMN and the inhibitors (Table 1, vIPP-IDI and oIPP-IDI, respectively, Fig. 1B, and Fig. S1 ). Initially, we expected that the inhibitors might be attached to FMN in different structural or conformational isomers and fitted them to the 2F o − F c electron density maps (Fig. 1C and SI Methods) . Although discernible differences were seen in the levels of fitting for optimized models of the isomeric adducts (SI Methods), it was much more difficult to distinguish between models of C4a and N5 adducts for the same inhibitor from the best fits of map correlation coefficients, which express how well the models fit the electron density map (Fig. 1B) . For example, the map correlation coefficients for the vIPP-derived hydrocarbon moieties of the three C4a and N5 adducts shown in Fig. 1C are 0.9435 (C4a E-isomer), 0.9327 (C4a Z-isomer), and 0.9414 (N5 Z-isomer), which indicates that the three models have similar fits (see SI Methods for other isomers of vIPP adducts and those of oIPP adducts). However, the inhibitor-derived carbon atom that is directly attached to FMN fits better into the density map in the C4a adduct models than the N5 model (Fig. 1B) . Because this carbon atom in the inhibitor is directly attached to the tricyclic isoalloxazine moiety in FMN, its location in the density map should be especially important for determining the location of the FMN-inhibitor bond. Moreover, a definite negative peak in the noncrystallography symmetry-averaged F o − F c map overlaps the carbon in the N5-adduct model (Fig. 1D, red mesh) , which also suggests that the model is less reasonable. Similar results were obtained for the oIPP adduct (Fig. S1 ). We conclude that our crystallographic data favor alkylation of FMN at C4a rather than N5.
Formation of the IDI-2-vIPP adduct most likely results from a mechanism-based alkylation of the flavin cofactor in analogy to inhibition of IDI-1 by the same compound (15) . In this scenario, protonation of the diene moiety gives an allylic cation, which then alkylates the cofactor. Four different isomeric allylic cations can be generated from vIPP, resulting from protonation of the diene at either end of the s-cis and s-trans conformers (see Fig. 2 ). Once formed, the allylic cations should be stable with regard to E-Zisomerization of the allylic moiety before reacting with the flavin nucleophile (20) . The three most probable structures for the vIPP-flavin adduct as determined from map correlation coefficients (Fig. 1C , designated in Fig. S2 as structures 3 and 4 for C4a adducts and 5 for N5 adduct) are generated from allylic cations D, B, and C, respectively, by a net 1;4 addition of the proton and flavin to the diene. Formation of the 1;4 product requires Numbers in parentheses are for the highest shell. *R merge ¼ 100ΣjI-hIij∕ΣI, where I is the observed intensity and hIi is the average intensity of multiple observations of symmetry-related reflections.
movement of the allylic cation prior to alkylation of flavin.
Although the results of our UV-visible studies (see below) make the N5 adduct depicted by structure 5 unlikely, we cannot unambiguously distinguish between C4a adducts 3 and 4.
We have also obtained structural data for substrate complexes of S. shibatae IDI-2 in the reduced state (Table 1 , IPP-IDI and DMAPP-IDI). These structures diffract to 2.20 and 2.29 Å for IPP-IDI and DMAPP-IDI, respectively, which are higher than previously reported values of 2.64 and 2.90 Å, respectively (16) . It is noteworthy that the IDI-2·substrate crystals are in the active reduced state and probably represent an equilibrium mixture of the IDI-2·IPP and IDI-2·DMAPP forms. This mixture cannot be discerned in the crystal, because the substrates can adopt conformations where the corresponding atoms of each locate at almost the same position in the active sites.
Spectroscopic Studies on Covalent Adducts. S. shibatae IDI-2 was incubated with oIPP and vIPP in buffer containing NADH. Small molecules were removed by ultrafiltration under aerobic conditions, and UV-visible spectra of the retained protein were recorded. The spectrum of the S. shibatae IDI-2-vIPP adduct has a peak at approximately 400 nm ( Fig. 3A) and resembles the spectrum previously reported for the corresponding T. thermophilus adduct generated under similar conditions (15) . The spectrum of S. shibatae IDI-2-oIPP, which also has a peak at approximately 400 nm (Fig. 3A) , is different from those reported for T. thermophilus IDI-2-oIPP, which have peaks at approximately 350 and approximately 410 nm when formed under anaerobic conditions (15) and at approximately 350 and approximately 430 nm after aerobic washes (12) . When the flavin-inhibitor adducts are removed from S. shibatae IDI-2, both of their UV-visible spectra have a peak at approximately 370 nm and a characteristic shoulder at approximately 305 nm (Fig. 3B) . These spectra are similar to those reported for the corresponding flavin-inhibitor adducts isolated from T. thermophilus IDI-2 (12, 15) . Negative ion mass spectra of the S. shibatae adducts gave characteristic peaks for the ½M-H − ions at m∕z ¼ 731.0 for oIPP-adduct and m∕z ¼ 714.9 for vIPP-adduct (Fig. S3 ) in agreement with ½M-H − ions seen for the adducts formed by T. thermophilus IDI-2 (12, 15). Thus, both enzymes appear to give the same inhibitor-flavin adducts when incubated with vIPP and oIPP. The differences seen in the UV-visible spectra of S. shibatae and T. thermophilus IDI-2-oIPP probably result from differences in the local environment within the catalytic site of the two IDIs.
UV-visible studies were also performed with T. thermophilus IDI-2-vIPP and the flavin-vIPP adduct, which were generated, purified, and measured under anaerobic conditions, in order to obtain additional information. The UV-visible absorption spectrum of T. thermophilus IDI-2-vIPP (Fig. 3C , orange line) was similar to those for T. thermophilus and S. shibatae IDI-2-vIPP obtained under aerobic conditions. At pH 6.0, the spectrum of flavin-vIPP (Fig. 3C , green line) had a peak at 370 nm and a shoulder at 303 nm. This spectrum is similar to the corresponding adducts obtained from S. shibatae and T. thermophilus flavin-vIPP isolated under aerobic conditions (15) . Thus, the flavin-vIPP adducts are not sensitive to oxygen, unlike the behavior anticipated for reduced flavins alkylated at N5 (21) . In addition, N5-alkylated flavins are reported to have absorbance maxima between 320 and 355 nm at pH 5-8, whereas C4a adducts have maxima between 360 and 385 nm with a shoulder at approximately 300 nm (19, (22) (23) (24) . Thus, spectra obtained at pH 6.0 for the anaerobically produced adduct are consistent with C4a adducts.
The UV-visible spectra of N5 and C4a flavin adducts have been studied by Hemmirich et al. at different pH values (19) . According to their observations, changing from pH ∼ 7 to 6N HCl produces a blueshift in the peak maximum for N5 adducts, whereas the maximum for C4a adducts is redshifted. Previously, we had examined the UV-visible spectra of flavin-vIPP and flavin-oIPP in 5% trifluoracetic acid, pH 0.5 (15) . However, a lower pH is required to fully protonate the flavin ring. In 6N HCl, the peak maximum shifts from 370 to 396 nm (Fig. 3C, magenta line) , and the resulting spectrum is similar to those reported for C4a adducts (23) .
Oxidation of N5 and C4a flavin adducts has also been well studied (21, 25) . The N5 adducts are unstable in the presence of oxygen, whereas C4a adducts require light to initiate oxidation. During the oxidation reaction, N5 adducts give long-lived semiquinone species that can be detected by an increase in absorbance at 600 nm, whereas C4a flavins do not. The oxidation of the vIPP adduct required light. Continuous irradiation of the adduct at pH 6 with a 300-W slide projector resulted in an increase in the absorbance at approximately 370 and approximately 470 nm, which is consistent with the dealkylation or oxidation of the vIPP adduct to give oxidized FMN. During the course of the irradiation, essentially no change in absorbance was seen at approximately 600 nm, which suggests the absence of a flavin semiquinone (Fig. S4A) . Photooxidation of flavin-vIPP in 6N HCl resulted in an increase in absorption at 266 and 396 nm, as expected for formation of protonated FMN (24) (Fig. S4B) . The data from our UV-visible and crystallographic studies indicate that vIPP and oIPP alkylate FMN red at C4a.
Kinetic Studies of Gln160 Mutants. In the X-ray structures of S. shibatae IDI-2·IPP and IDI-2·DMAPP, the side-chain amide moiety of the highly conserved glutamine at position 160 is positioned near the isoprene unit in the substrate on the opposite face from the reduced isoalloxazine unit in FMN red where it might function as a general acid-base catalyst (Fig. 4A) . Thibodeaux et al. found support for this proposal by replacing Gln154 in Staphylococcus aureus IDI-2 with asparagine, which resulted in a 150-fold decrease in k cat (10) . We created a series of S. shibatae IDI-2 mutants, where Gln160 was replaced with Asn, Glu, His, Leu, and Lys. The Q160N mutant showed a 150-fold decrease in k cat , although k cat ∕K m only decreased 66-fold (Table 2) . Interestingly, decreases in the catalytic efficiencies (k cat ∕K m ) of the mutants-Q160E (10-fold), Q160H (23-fold), and Q160L (28-fold)-were considerably smaller, except for Q160K (130-fold). In addition, the side chain of the Leu mutant cannot participate in a proton transfer step. We suggest that the side chain of Gln160 helps align the substrate in an orientation for optimal activity and that FMN red is the general acid-base catalyst for the proton transfer steps. Discussion IDI-1 and IDI-2 catalyze the interconversion of IPP and DMAPP by a protonation-deprotonation mechanism. Cysteine and glutamate residues in the active site of IDI-1, which have been implicated as general acid-base catalysts for the proton transfer steps, were identified by site-directed mutagenesis and covalent modification with mechanism-based irreversible inhibitors (2-5). X-ray crystal structures of the enzyme-inhibitor complexes were particularly useful in these studies. The general acid-base catalysts for IDI-2 are not as obvious. Amino acids Ser195, His155, Gln160, and Trp225 form a box that surrounds the isoprenoid moiety in the S. shibatae IDI-2 · FMN red · IPP∕DMAPP complex as shown in Fig. 4A . The plane defined by carbons C2-C5 in IPP and C1-C5 in DMAPP is stacked over the reduced polycyclic isoalloxazine unit in FMN red , whereas the oxygen and nitrogen atoms in the side-chain amide moiety of Gln160 point downward toward the opposite face of the isoprene unit. The heterocyclic rings of His155 and Trp225, both of which are arranged perpendicular to the plane of the isoprene moiety, form two opposing walls. The methyl group in IPP (the Z-methyl group in DMAPP) points toward the face of the imidazole ring in His155. Whereas the indole nitrogen of Trp225 is located 3.7 Å from C4 of IPP, the perpendicular arrangement of the isoprenyl moiety and the heterocyclic ring places the Trp225 hydrogen at N1 in a position where transfer to C4 of IPP is unlikely. The distance from the Trp225 N1 to IPP C2 is 5.8 Å. Ser195 and the diphosphate residue of IPP form the other two walls. Multiple sequence alignments show that valine is the most common amino acid at position 195 in IDI-2 with serine and threonine found in only 25% of the proteins. The diphosphate moiety in IPP is coordinated with Mg 2þ and located in a hydrophilic pocket where it cannot participate in proton transfers to the isoprene unit. Thus, none of the residues forming the walls of the box are likely acid-base catalysts. Site-directed mutagenesis of Gln160 produces only modest reductions in the catalytic efficiency (k cat ∕K m ) for the isomerization reaction, including the Q160L mutant, which shows only a 28-fold decrease. This behavior is inconsistent with Gln160 serving as a catalyst for the protonation-deprotonation steps. Thus, reduced FMN is the likely catalyst for protonation of IPP and DMAPP and for deprotonation of the 3°carbocationic intermediate. Previous work with mechanism-based inhibitors indicates that the polycyclic isoalloxazine unit in FMN red is in intimate contact with the inhibitors (12) (13) (14) (15) . This result was confirmed by our X-ray studies with S. shibatae IDI-2 reacted with vIPP and oIPP. Analysis of fits to the electron density map suggested that the inhibitors were attached to C4a of reduced FMN. However, the resolution of the X-ray data was not sufficiently high to allow us to rigorously exclude the possibility that the inhibitors were attached at N5. We conducted a series of UV-visible spectroscopic studies on the flavin-inhibitor adducts produced by T. thermophilus and S. shibatae IDI-2. Spectra for the FMN red -vIPP adducts from both proteins recorded at pH 6 are similar when isolated under aerobic conditions (see Fig. 3B and ref. 15 ) and similar to the adduct from T. thermophilus when formed and isolated under strictly anaerobic conditions (Fig. 3C) . In all three experiments, spectra with peaks at approximately 370 nm and shoulders at approximately 303 nm characteristic of C4a adducts were seen. In spectra of the anaerobic T. thermophilus adduct taken in 6N HCl, the peak at 370 nm shifted to 396 nm. The bathochromic shift in strongly acidic solutions is characteristic of C4a-flavin adducts, in contrast to the hypsochromic shift observed for N5 adducts. In addition, the adducts were stable in the presence of oxygen at pH 6 or, in 6N HCl, under conditions where N5 adducts typically oxidize to give long-lived semiquinones (21) . Although the possibility of an N5 to C4a rearrangement cannot be ignored, it is typically slow (21) and is unlikely to account for our observations.
The pro-R proton at C2 of IPP is removed during isomerization to DMAPP and a proton is added to the re face of the double bond in DMAPP during isomerization to IPP (18) . The conformation of the isoprenoid residue in the IDI-2 · FMN red · IPP∕ DMAPP complex places the pro-R proton at C2 in IPP and the re face of the double bond in DMAPP in contact with the polycyclic isoalloxazine unit in FMN red . This orientation predicts a suprafacial transposition of the hydrogen atoms at C2 and C4 with the reduced flavin serving as the acid or base catalyst for the isomerization. In contrast, IDI-1 catalyzes an antarafacial transposition of the hydrogens (1). The mechanics of the proton transfers are unclear. The protons at N1 and N5 in FMN red are the most likely acids for protonation of the double bonds in IPP and DMAPP. The C2-C3-C4 carbons in the isoprene unit, which undergo changes in bonding during isomerization, are located on the convex surface of the reduced isoalloxazine moiety in a plane almost parallel with and approximately 3.1 Å above C4a in the X-ray structure of the IDI-2 · FMN red · IPP∕DMAPP complex. C3 is almost directly above C4a, whereas C2 and C4 are located 3.3 and 3.8 Å, respectively, from N5. In contrast, C2 and C4 are 4.8 and 3.8 Å, respectively, from N1. N1, which is considerably more acidic than N5 in the dominant neutral diketo tautomer of FMN red , is not as well-positioned as N5 to facilitate protonation and deprotonation during the interconversion of IPP and DMAPP. If one considers the locations of hydrogen atom attached to N1, the distances to C2 and C4 in IPP increase to 5.6 and 4.3 Å, respectively. We and other researchers have proposed that a likely candidate for protonation of the isoprenoid double bond is N5 in the zwitterionic tautomer of reduced FMN (8, 10, 15, 16) (Fig. 4B) . In this form, positively charged deprotonated N5 has an estimated pK a of approximately 4 in solution (26) . The negative charge in the zwitterion is distributed over the π-network connecting O2 and O4 in the pyrimidine ring and is stabilized by the side-chain ammonium group in the conserved Lys193 located near N1 (16) . This interaction should enhance the acidity of the N5 protons in the enzyme-bound cofactor. In addition, the hydrogen at N5 on the convex surface of the isoalloxazine moiety points toward IPP and is located <3 Å from C2 and C4.
Upon protonation of the double bond, the resulting 3°carbo-cation would be stabilized by the partial negative charge at C4a, which augments the π-cation stabilization provided by His155 and Trp225. This stabilization may be enhanced by a charge transfer interaction between the highest occupied molecular orbital of anionic reduced flavin and the lowest unoccupied molecular orbital of the intermediate, as proposed for the purple intermediate of D-amino acid oxidase (27) . In the zwitterionic mechanism, suprafacial proton transfer would be catalyzed with N5 functioning as an acid and a base in the protonation-deprotonation sequence, perhaps with a minor change in the position of the carbocation relative to the flavin between the protonation and deprotonation steps. It is likely that the C4a adduct we observed for vIPP is formed by collapse of the allylic cation-FMN red − ion pair. Although it does not constitute proof, the activity seen for IDI-2 · 1-deazaFMN red and the absence of activity for IDI-2 · 5-deazaFMN red are consistent with the zwitterionic mechanism (6, 28) .
The role of FMN red in acid-base catalysis is an unrecognized function for the cofactor. Recently, Beyer and coworkers reported two FAD red -dependent proteins-i.e., CrtY, lycopene cyclase, from Pantoea ananatis (29) and CRTISO, lycopene cis-trans isomerase, from tomato (30) . An acid-base role of the flavin cofactor was proposed for CRTISO, whereas the suggested function of FAD red in CrtY was to stabilize the positively charged transition state or intermediate. Thus, the roles proposed for reduced flavins involved in isomerization and cyclization reactions initiated by protonation of the trisubstituted carbon-carbon double bonds found in isoprenoid metabolites may be more widespread that initially anticipated.
Methods
UV-Visible Assays. S. shibatae IDI-2 were incubated with the irreversible inhibitors in 50 mM MOPS-NaOH buffer, pH 6.0, containing 50 μM enzyme, 100 μM oIPP or vIPP, 1 mM NADH, 1 mM MgCl 2 , 0.2% CHAPS at 60°C for 30 min. The reaction was stopped by chilling, and the enzyme was washed with 10 mM NH 4 HCO 3 in three cycles of concentration and dilution using Amicon Ultra 10K centrifugal filters. The solvent was then exchanged with 1.25 mM NH 4 HCO 3 followed by two cycles of concentration and dilution. UV-visible absorption spectra were measured by using a SHIMADZU UV-2350 spectrophotometer. A portion of the enzyme was denatured by adding 3× the original volume of 10 mM Tris·HCl, pH 7.4, containing 8 M guanidinium-HCl, followed by incubation at 30°C for 5 min. The denatured enzyme was removed by ultrafiltration with spin columns before UV-visible spectra of flavin-inhibitor adducts were measured. All manipulations with S. shibatae IDI-2 were performed aerobically.
UV-visible assays for T. thermophilus IDI-2 were performed under anaerobic conditions as previously described (15) , with the following modifications. At least 7 d before running an assay, all reagents were made anaerobic by degassing under vacuum followed by purging with argon and stored in an anaerobic (<5 ppm O 2 ) chamber (Coy Laboratories) until needed. Solutions containing enzyme and vIPP were purged the day of experimentation. Inhibition reactions were conducted in 100 mM Hepes buffer, pH 7.0, containing 100 μM T. thermophilus IDI-2·FMN, 2 mM MgCl 2 , and 8 mM Na 2 S 2 O 4 , and were initiated by addition of 400-800 μM vIPP. After overnight incubation at 37°C in the anaerobic chamber, the samples were concentrated to approximately 10-20 μL and washed 3× with oxygen-free 10 mM NH 4 HCO 3 , pH 7.8, by using a Microcon 30 kDa molecular mass cutoff filter. The enzyme solution was concentrated and then diluted to 50 μM with 5% glycerol in 10 mM NH 4 HCO 3 , pH 7.8. A portion of the concentrated solution was diluted to approximately 30 μM in 20 mM NaH 2 PO 4 , pH 6.0, containing 8 M guanidiniumHCl. The denatured protein was removed by ultrafiltration. UV-visible measurements were conducted with the flavin-inhibitor adduct in the filtrate. Another portion of the concentrated solution of inactivated enzyme was diluted to approximately 30 μM with 6N HCl and centrifuged at 16;000 × g to remove denatured protein. The UV-visible spectrum of the filtrate was recorded. All manipulations for sample preparation were performed in an anaerobic chamber at 20°C. The samples were removed from the chamber for spectroscopic measurements by using screw-top cuvettes sealed with a septum. Oxidation reactions were performed by removal of the screw top, stirring of the sample (with a parylene-coated micro stir bar, a generous gift from V&P Scientific, Inc., San Diego, CA) and exposure to light from a 300 W slide projector. Spectra were collected, and the total time of light exposure (not oxygen exposure) was recorded. UV-visible spectra were collected by using an Agilent 8453 diode array spectrophotometer or Beckman Coulter DU 730 spectrophotometer.
Coordinates. Each of the adduct-complex structures-i.e., vIPP-IDI and oIPP-IDI-was constructed with the C4a adduct of the most likely chemical structures (structures 3 and 10 in Fig. S2, respectively) , although the possibility of other isomeric C4a-adduct structures cannot be excluded (see SI Methods). It is possible that adducts with multiple isomeric structures are bound in the crystals.
Supporting Information
Nagai et al. 10 .1073/pnas.1120653109
Supporting Information corrected January 4, 2012 SI Methods. Materials. We synthesized 3-methylene-4-penten-1-yl diphosphate (vIPP) and 3-oxiranyl-3-buten-1-yl diphosphate (oIPP) as described previously (1, 2) . ½1-14 CIPP was purchased from American Radiolabeled Chemicals, Inc. All other chemicals were of analytical grade.
Enzyme Purification. Polyhistidine-tagged Sulfolobus shibatae type-2 isopentenyl diphosphate isomerase (IDI-2) was expressed in Escherichia coli BL21(DE3)/pET-idi (3). The transformant was cultivated in LB medium containing 50 mg∕L ampicillin until cells reached the early stationary phase. The recombinant enzyme was extracted from harvested cells and purified by heat treatment at 55°C for 30 min and a HisTrap column (GE Healthcare) as described previously (4) . For crystallization experiments, the polyhistidine tag was then removed with Thrombin Restriction Grade (Novagen), and the enzyme was recovered in the flowthrough fraction from a second HisTrap column. The buffer was exchanged by dialysis to Buffer A, containing 10 mM Tris·HCl, pH 7.7, 1 mM EDTA, and 10 mM 2-mercaptoethanol. The dialyzed enzyme solution was loaded on a Mono Q 5/50 column (GE Healthcare) and eluted with a linear gradient of 0-0.3 M NaCl in Buffer A. The active fractions were combined and then concentrated by centrifugation with Amicon Ultra 10K centrifugal filters (MILLIPORE). The enzyme was chromatographed on a HiLoad 16/60 Superdex 200 column (GE Healthcare) upon elution with Buffer A containing 0.15 M NaCl.
Polyhistidine-tagged Thermus thermophilus IDI-2 was expressed in E. coli and purified as previously described (5, 6) or slightly modified as follows. Cells were grown in Terrific broth containing 200 mg∕L riboflavin, 100 μg∕mL ampicillin, and 34 μg∕mL chloramphenicol at 37°C. After 4 h, 0.4 mM IPTG was added and after an additional 4 h, the cultures were harvested and yielded 4.3 g of cell paste per liter of media. The purification steps were modified by using a HisTrap high-performance column (GE Healthcare) with a flow rate of approximately 5 mL∕ min and eluting with 50 mM Na 2 HPO 4 , 500 mM imidazole, and 300 mM NaCl, pH 8.
Crystallization. Crystals of S. shibatae IDI-2 were grown at 20°C using the sitting-drop vapor-diffusion method with a reservoir solution containing 0.1 M Tris·HCl, pH 8.0, 0.2 M sodium citrate, and 30% (vol∕vol) polyethylene glycol 400 (PEG400). To obtain IDI-2-oIPP, crystals of IDI-2 were soaked for 3 h in a reservoir solution containing 32% (vol∕vol) PEG400, 12.5 mM MgCl 2 , 20 mM NADH, and 4 mM oIPP. For vIPP-IDI structure, 4 mM vIPP was used instead of oIPP, and soaking was performed for 1 h. To obtain IDI-2·IPP and IDI-2·dimethylallyl diphosphate (DMAPP), crystals were soaked for 1 h in the reservoir solution containing 35% (vol∕vol) PEG400, 12.5 mM MgCl 2 , and 5 mM IPP or 10 mM DMAPP, respectively, and then Na 2 S 2 O 4 (20 mM final concentration) was added to the soaking solution to reduce the crystals for 10 min. Crystals were immediately mounted in the X-ray diffraction apparatus.
Data Collection, Structure Solution, and Refinement. All datasets were collected on beamlines BL-5A and NE-3A at the photon factory (KEK, Tsukuba, Japan). X-ray diffraction data of crystals were processed and scaled with HKL2000 (7). Data collection statistics are summarized in Table 1 . IDI structures were refined using the program Refmac (8) from the CCP4 suite and atomic coordinate of FreeIDI red (Protein Data Bank code 2ZRV). Manual fitting of the model was carried out using the program Coot (9) . vIPP-and oIPP-adduct, IPP, and DMAPP models were fitted into the substrate-binding sites based on the difference electron density map. The refinement statistics are summarized in Table 1 . The figures for the protein models were drawn using the programs PyMOL (10) and Coot (Fig. 1D) .
Mass Spectrometry. Inhibited S. shibatae IDI-2 was denatured as described above and the protein was removed by filtration. The flavin-inhibitor adducts were mixed with an equal volume of acetonitrile containing 1% (vol∕vol) triethylamine and analyzed by negative-ion electrospray ionization-mass spectrometry with an Esquire 3000 (BRUKER) by direct infusion.
Mutagenesis. Site-directed mutations on S. shibatae IDI-2 were introduced into pET-idi using a QuikChange Mutagenesis Kit (STRATAGENE) and oligonucleotide primers indicated in Table S2 .
Mutant Enzyme Assay. Assays for S. shibatae IDI-2 were conducted as described in our previous paper (11) , excepting that 0.5-1 μM ½1-14 CIPP (2 GBq∕mmol) and an appropriate amount of the purified enzyme were used. Table S1 . C 5 H 10 O 4 P and OPP mean ribitol phosphate and diphosphate groups, respectively. Isomers 3, 4, and 5 are the chemical structures of vIPP adduct used for the construction of the C4a and N5 models in Fig. 1 , respectively. *Map correlation coefficients were calculated using the OVERLAPMAP program in the CCP4 suite (1) . Among the coefficients separately calculated for FMN, inhibitor-derived hydrocarbon, and diphosphate units in the overall adduct structures, those for the hydrocarbon unit (including epoxy-derived oxygen in the case of oIPP adduct) are more variable and were used to determine which isomer is the most likely. †
The isomer numbering is the same as that used in 
